The phase equilibrium diagr am for the bin ary system lead oxide-niobium pent oxide has been construct.ed from observations of fu sion characteri s tics and X-ray diffraction d ata. The system contains six binary compounds with PbO : Nb20 , ratios of 3: 1, 5: 2, 2:1,3:2, 1:1, and 1: 2. The compound PbO·NbzO, was found to melt congruen tly at 1,343° C and have a stable, reversible phase t ra nsformation temperature from t he lowtemperature rhombohedral form to t he high-temperature tetragonal form at 1,150° C. , The 5: 2, 2: 1, and 1: 2 compounds melt congruently at 1,220°, 1,233°, a nd 1, 337° C, respect ively; the 3: 1 and 3: 2 compo unds melt incon gr uently at 985° and 1,233° C, resp ec tivcly.
Introduction
A st udy of phase relationships in the binary sys tem PbO-NbzOs has been conducted as part of a program of fundamental phase equilibria studies of ceramic materials. The compounds PbO·Nb20 s and 2PbO ·Nb20 s have bee n previously reported by Goodman [1] / and a phase transformation in the PbO·Nb20 s compound has b een reported by Francombe [2J . Cook and Jaffe [3, 4] hav e stud ied 2PbO·Nb20 s and composiLions deficient in PbO and report a cubic phase to occ ur at a compositio n of 3PbO·2Nb20 s. H owever, no systematic attempt has been made to stud y t he phase-equilibrium relations in the entire binary system . X -ray diffraction data, together with the determination of the mel ting points of the compounds and of the solidus and liquidus temperatures at yarious composi tions . across the system, hav e supplied data from which an equilibrium diagram has bee n constructed.
Because of the vola tility of PbO, man y of Lhe experiments were conducted in sealed Pt tubes . As PbO tends to vaporize markedly at Lhe temperature studied, all the data may not be exactly equivalent to Lhe true values at atmospheric pressure. Howeyer , as these experiments could not be conducted in air and the pressure inside the tube was relatively small, it is felt that the data show the best available approach to the equilibrium conditions prevailing under atmospheric pressure.
. Sample Preparation a nd Test Methods
The following starting materials were ll sed in the preparation of samples:
PbO-R eagent grade yellow lead oxide. This material was found by X-rays to contain only the high-temperature modification of PbO, massicotite, and none of the tetragonal r.ed lead o:A'ide, lithargite. Spectroscopi c analyses showed 0.01 to 0.1 percent Co, 0.001 to 0.01 percent Bi and Tl, 0.0001 to 0.001 percent Ag, AI, Ca, Cu, and Si and less than 0.0001 percent : Mg. 1 Figures in brackets indicate the literature references at the end of this paper.
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Jb20 5-High-purity grade niobium p entoxide, over 99.7 percent. Speetroscopic analyses showed 0.01 to 0.1 percent Zr, 0.001 to 0.01 p ercent Fe and Si, and 0.0001 to 0.001 percent Ca and Mg.
Caleulations of weight composition were made to ± 0.01 percent, no correction being made for the percentage purity of the raw materials, except for a faetor due to weight lost on ignition. The starting materials, in sufficient quantities to give a 5.0-g sample, "" ere weighed to the nearest 0.1 mg. They were then mixed by hand, tumbled for 1 hI', ground for 1 hI' in an agate mortar, and formed into %-in.-diam disks at a pressure of 10,000 Ib /in.2. The pressed disks were fired for 1 hI' at 750 0 C on platinum foil in an ail' atmosphere, using an electricallyh eated furnace wound with 80 percent P t-20 percent Rh wire.
Following the preliminary h eat treatment, th e di sks were gro und, and for those specimens selected fo l' t he X-ray study n ew disks about 7~ in . high wer e formed at 15,000 Ib /in. 2 in a ~~-in . -diam mold and refired for 7~ to 1 hI' at various appropriate temperatures b etween 800 0 C and 1,400 0 C. In order to reduce PbO loss, a system of inverted Pt crucibles similar to that r eported by Jaffe, Roth, and Marzullo [5J was utilized. For those specimen s which still indicated appreciable weight loss, a sealed Pt tube, co ntaining a small amount of the ground, calcined mixture, was quenched from the appropriate temperature. Equilibrium conditions, except in t he immediate vicinity of a phase transformation , could usually be obtained in the sealed tube in 10 to 15 min. X-ray diffraction powder patterns were made, using a high-angle recording Geiger-counter Spectrometer and Ni filtered Cu radiation, with th e Geiger counter traversing th e specimen at XO /min and th ,-radiation being recorded on the chart at 1°20/in. ) Specimens for solidu s and liquidus determinations were mixed with a few drops of a 20-percent solution of poly1ethy1ene glycol in water, pressed into disks in the same manner as for the X-ray specimens, and ground in the form of small four-sided pyramids grooved on each side as desoribed by Geller et al. [6J. Solidus and liquidi1s deteTminations were made in the electrically heated furnace using a Pt versus 9.0 Pt-l0 Rh thermocouple and an indicating potentIOmeter for temperature measurements . The specimens were placed on a Pt disk which was on a support of mullite.
An oxidizing atmosphere existed in the furnace at all times. The specimens were placed around the circumference of a circle, 1 in. away from the thermocouple, maintained at temperature for J~ hr, and allowed to cool by shutting off the furnace. The solidus and liquidus temperatures were arrived at by visual inspection of the cooled specimen.
The solidus temperature was recorded as the first sign of liquid formation , as indicated by rounding of the corners of the test pyramid. The temperature of complete melting, as indicated by the formation of a flat button, was recorded as the liquidus temperature. In all cases many tests had to be made to determine these two values.
In general, this pyramid method was only usable for those specimens containing less than 50 percent of PbO. Specimens containing more than 50 percent of PbO tended to change composition rapidly when heated in air and it was necessary to seal these compositions in small Pt tubes. For specimens which had been heated in the sealed tubes, visual observation of partial melting of the quenched specimens could usually locate the solidus temperature. In some cases, the appearance of a new phase in the X -ray pattern with different heat treatments was the best means of locating the solidus. The liquidus temperatures could probably be found only by detailed optical microscope examination. No attempt has been made to locate accurately the liquidus temperatures in that portion of the system containing greater than 50 percent of PbO.
The methods of determination of temperature limits of a particular phase are subject to a number of sources of error. Among these are the possible introduction of impurities into the specimens in the forming and grinding operations, the possibility of reduction of Nb20 5 , oxidatioll and/or differential loss of PbO, difference of temperature between one or more specimens and the thermocouple, and the inherent difficulty in the visual determination of the solidus and liquidus temperatures. It is believed that the temperatures as recorded are accurate to ± 50 C .
3 . Compounds Involved in the PbO-Nb20 S System 3 .1. Nb20 S Brauer [7] has found Nb20 5 to occur in three polymorphic forms. The H-form or high-temperature form was reported as stable at temperatures above 1,200 0 to 1,250 0 C. In this study wherever free Nb20 5 was found, the high-temperature form was the one observed in all heated specimens, although the low-temperature form was used as the starting material. Holzberg, Reisman, Berry, and Berkenblit [8] concluded that Nbz0 5 has only two crystalline polymorphs, the high-and the low-temperature forms , with an irreversible phase transformation , 'Y to a (low to high) at 830 0 C. They gave the parameters I of the high-temperature form as, monoclinic, a = 21.34 A, b= 3.816 A, c= 19.47 A, and {J = 120 0 20' . Magneli and Lagergren [9] have used the parameters a= 21.50 A, b= 3.825 A, c= 20 .60 A and {3 = 121 ° 45'. Holzberg et al. have indexed the diffraction peak at 1.915Aas (712). The index of this peak should probably be (020) . Holzberg [10] has agreed that the b value of 3.825 A is probably more correct. Table 1 shows the indexed X -ray pattern of high-temperature Nb20 5, as found in the present study, compared with the indexed values shown by Holzberg et al. [8] and Magneli and Lagergren [9] . The parameters found for the material used in the present study are a = 21.08 A, b= 3.823 A, c= 19 .33 A, and {J = 119° 48'.
.2. PbO
PbO occurs in two polymorphic forms. The lowtemperature form, stable at room temperature, is lithargite, red PbO , tetragonal with a = 3.976 A, c= 5.023 A [11] . It transforms to massicotite, yellow lead oxide, at 489 0 C [12] . Yellow PbO is orthorhombic, and the material used for the present study has the parameters a= 5.48 A, b= 5.88 A, c= 4.75 A. The high-temperature polymorph is found to exist, metastably , at room temperature when quenched from any temperature in the sealed Pt tube. Even 65 hr at 470 0 C, just below the transformation temperature, showed no sign of red PbO. Petersen [12] has shown that it takes two to three weeks at 420 0 to 430 0 C to convert the yellow lead oxide into the red form .
Compound PbO·Nb20 .
The compound PbO·Nb20 5 has been reported to occur in four different symmetry modifications. 2 The compound was first described by G. Goodman [1] as ferroelectric, orthorhombic. Francombe [2] first reported a low-temperature rhombohedral phase, and Roth [14] showed that a tetragonal modification probably also existed. Cook [15] has indicated that a pyrochlore-type phase is present if the material is not heated above 700 0 C . a . Low-Temper ature Rh ombohedr a l Modification Francombe [2] reported that the compound PbO·Nb20 5 was polymorphic, having a phase transformation at about 1,200 0 to 1,250 0 C. The low temperature form is not ferroelectric and was reported to be rhombohedral with the "simpleststructure-cell" possessing the dimensions aR = 6.206 A and aR= 58° 18' . However, the X-ray powder pattern given by Francombe [2] was indexed on a. larger "pseudo-cubic-cell" with dimension a 'R = 8.664 A and a' R= 88° 30'. It can easily be scen that the larger " pseudo-cell" is r elated to th e smaller "simplest-cell" by a doubling of the h exagonal a axis. For the "simplest-cell" aH= 6.04 A, Cll = 15.394 A and for the "pseudo-cell" au = 12.093 A, cH = 15.394 A. The pa,ttern was indexed by Francombe using h exagonal hkl values for the larger cell. However, a simple examination of this indexing r eveals that many of the hkl values used are not allowed by a rhombohedral cell, where h -lc + l = 3n. Furthermore, the observed versus calculated d spacings do not fit for many of the lin es. The same observa tions are true for the "simplestcell. "
Cook [15] has given the rhombohedral unit cell of the low-temperat ure form of PbO·Nbz0 5 as aR= 7.168 A and £xR = 93° 52'. These parameters correpond to a hexazonal unit cell of a= 10.473 A and c= 11.549 A. This cell is r elated to Francombe's "simples t-cell" b y a multiplication and rotation of th e unit-cell parameters of th e h exagonal cell: The orthorhombic modification was the firs t form of PbO·Nb20 5 to be reported. It was discovered Lo be ferroelectric b y G_ Goodman [1] who r eported a n orthorhombic unit cell having the approximate dimensions a = 25 A, b= 25 A, c= 7.0 A. Fran combe [2] found t hat the ferroelectric form only occurred when the specimen had b een h eated above the phase transformation t emperat ure of 1,200° t o 1,250° C . H e reported this form to be orthorhombic with a = 17.51 A, b= 17 .81 A , c= 7.7 3 A. In a previous publi ca tion arising from the present work [14] th e X-ray powder diffraction pattern of the ferroele ctric modification of PbO·Nb20 5 was indexed on the basis of an orthorhombic unit cell with a = 17.63 A, h= 17 .93 A, c= 3.868 A. Long film exposures using s ingle-crystal techniques have shown that the true unit cell actually has a C axis value of t wice tha t given [15] . This larger value does not show up in a G eiger counter tracing of the powder diffraction pattern . It has b een shown [14] that the ferroelectric modification is only metastable, reverting t o th e rhomboh edral form if h eated several times from room temperature to 700° C. It, therefore, has no field of stability in the binary system PbO -Nb20 5 • c. High-Temperature Tetragonal Modification Goodman [1] added small amounts of Zr02 and/ or Ti02 to his materials in order to obtain d ense ceramics . Roth [14] has shown that the addition of such impurities has t he effect of producing the orthorhombi c strlletm e in a form apparently stable at room temperature r egardless of furth er h eat treatments in laboratory time. A solid solution , of PbO·Nb20 5 plus 2 weight p ercent of Zr02·TiOz, was examined b y high-temperature X-rays at 600° C, above the ferroel ectric Curie point. The r esulting pattern could b e indexed on th e basis of a t etragonal unit cell with a = 12.56 A and c= 3.925 A [14] . It is still not known whether the c axis s hould b e doubled for the tru e tetrago nal cell. High-termperature X-ray patterns made in this laboratory, indicate that pure PbO·Nbz0 5 has tetragonal symmetry, as a s table modification, from the t emperature of the high-low phase transformation to the melting point. If the hi ghtemperature modification is cooled quickly below t he transformation point, it will maintain the tetragonal structure in a metastable condition _ When it r eaches the Curie point, reported as 590° C by Goodman [1] , it transforms m etastably and reversibly to the orthorhombic ferro electric modification.
d. Pyrochlore-Type Modification Cook [15] has claimed that another low-temperature form of PbO·Nb20 5 exists below 700 0 C and that it " appears to be a pyrochlore structure previously unreported for lead niobate of this formula." Examination of the X-ray pattern of PbO·Nb20 5 heated at 550 0 C for 16 hI' as well as that of a specimen supplied by Cook, showed that the pyrochloretype phase reported actually was 3PbO·2Nb20 5 , and that rhombohedral PbO·Nb20 5 and free Nbz0 5 also were present. It can therefore be concluded that PbO·Nb20 5 does not form a pyrochlore-type structure under any conditions.
Compound 2PbO ·Nb20 5
The compound 2PbO ·Nb20 5 has been studied by Cook and Jaffe [3, 4] , Shirane and Pepinsky [17] , Hulm [18] , and Jona, Shirane, and Pepinsky [19] . Cook and Jaffe [3] list the compound 2PbO.Nbz0 5 as rhombohedral with a= 5.285 A and a = 89° 15'. They later [4] imply that the a axis should be doubled, thus suggesting a rhombohedral distortion of the pyrochlore-type structure. Jona, Shirane, and Pepinsky [19] give values of a= 10.674 A, a = 88° 50'. The values obtained in the present study are a = 1O.676 A, a = 88° 44', and the indexed X-ray diffraction pattern is given in table 3. Shirane and Pepinsky [17] and Hulm [18] have shown a dielectric anomaly in 2PbO·Nbz0 5 at about 14 0 Ie, indicating a phase transformation, but nothing is known of the structure of this phase. 5 Cook and Jaffe [4] reported the observation of a cubic pyrochlore-type phase at approximately " the composition Pb1.5Nb20 6.5" but did not definitely call it a compound. They observed a unit-cell parameter for this composition of 10.561 A. In the present study this phase has been identified as a compound with little or no solid solution, of the composition 3PbO·2Nb20 5 . It has been found to melt incongruently at 1,233° C to liquid plus PbO·Nb20 S ' 3 .6. Compound 5PbO ·2Nb20 5 This compound has not been previously reported. It was discovered in the presen t work by observing that compositions in the area containing a single-phase rhombohedral pyrochlore-type structure did not begin melting at temperatures to be expected from a simple solid-solution region. It was obvious that a new compound of approximately the ratio 5:2 had to be introduced in order to explain the meltingpoint data. This composition containing 71.43 mole percent of PbO is the high PbO end member of this solid-solution series. The composition containing 72 mole percent of PbO shows some of the compound 3PbO·Nb20 5 • The compound 5PbO·2Nb20 5 apparently has the same symmetry as the 2:1 compound, probably rhombohedral. The 5:2 compound shows a larger distortion from the ideal cubic pyrochlore-type structure than does the compound b This peak does not fit t be proposed rhombohedral structure, but it is repro· ducible and apparently indicates a lower symm etr y for the true structure of 2PbO ·Nb,0,. Such a peak also occurs jn tbe patterns of the compound 5PbO·2Nb, O, and tbe solid solutions between tbe two. The composition of the 5:2 compound can be arrived at by analogy to the pyrochlore-type structure. The theoretical cubic pyrochlore-type structure contains 16 A ions, 16 B ions, and 56 negative ions. Of the negative ions, 48 occupy one set of equivalent positions and 8 ions occupy another. In the PbO·Nb20 5 system a unique compound is formed at a ratio of IX Pb+2 ions to 2Nb+ 5 ions or Pb1.5Nb20 6.5 (Pb12Nb1604s04)' On the high-PbO side of the pyrochlore-type formula a likely compound is one in which 8 oxygen ions are missing, those belonging to the 8-fold equivalent position. This type of compound would be Pb2Nb1.606 (Pb16Nb12 .S0 4S) which has a PbO:Nb20 5 ratio of 5:2. This composition is observed to be the high-PbO end of the solid solution series.
.5. Compound PbO ·2Nb20
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Compound 3PbO ·Nb20 S
The compound 3PbO·Nb20 s has also not been previously reported. It has a distorted pyrochloretype structure which resembles 2PbO.Nb20 5 , except that the distortion is of a pseudo-tetragonal rather than a rhombohedral t ype. The face-centered tetragonal parameters for this phase are a= 10.658 A. c= 10.824 A. As can be seen in the X-ray pattern of table 4, there are some diffraction peaks which cannot be indexed on the basis of this face-centered cell, but do fit a primitive cell of the same dimen - sions. However , there are still other cl-spaeings which cannot b e indexed at all on this tetragonal celL Although the patt.ern is very strongly pseudotetragonal, it must be conelud ed that the true symmetry is still unknown.
Compound PbO ·2Nb20 S
The compound PbO·2Nb20 S has not 1:men previously r eported. This new compound can easily be observed by X-ray diffraction studies of specimens of the 1: 2 composition, or of compositions b etween 1: 1 and 1: 2, heated in the range in which the rhombohedral form of PbO·Nb20 s would be expected. It was found in the present study to have an X -ray pattern very similar to the orthorhombic and tetragonal forms of PbO·Nb20 S ' However, there are som e lines in the pattern that cannot b e indexed on either b asis, as shown in table 5. This compound is isostr uctural with BaO·2Nb20 S which also has these extra lines. It must be concluded th at the tru e symmetry of PbO·2Nb20 S is, as yet, unknown.
Discussion of Phase Equilibria
The phase-equilibrium diagram of the binary system PbO-Nb20 s is shown in figure 1. The data from which this diagram has been constructed are given in • The ""I "alues are given by analogy to t bO tetragonal stru cture of high temperaLure PbO ·Nb,O,. This is only a pseudo·eell, as t here a rc many peaks wbich ea rulOt be ind exed on tbis basis. Th e pseudo· tetragonal cell has unit·cell p arameters of a= 12.44 JI , c= 3.94 A.
congruently melting compounds 5PbO· 2Nb20 5 , 2PbO·Nb20 S, PbO ·N b20 S, and PbO·2Nb20 5 ; and two incongruently mel tin g compounds 3PbO·Nb20 5 and 3PbO·2Nb20 5 • PbO has been accepLed as melting at 883 ± 5° C [20] . There is an eutectic between PbO and 3PbO· N b20 S at approximately 94 mole percent of PbO and 835 0 C. The eutectic tempera,ture was located by X-ray difl'ra ction an alyses O! quenched specim en.s from sealed Pt tubes (see sectlOll 5). ' ''Th en a sp eClm en in the Lwo-phase region was quenched from below the solidus, yellow PbO and 3PbO· NbzOs were found to coexi t. Ch anges in d-spacings of the X-ray patLel'l1 s indicate that a sm all amount of s<?licl. olution, less than 2 mole percent, probably eXIsts in Lhe yellow PbO phase.
The compound 3PbO·Nb20 5 was found to m el t incongruently Lo 5PbO.2Nb20 5 plus liquid at 985 0 C. Sp ecimens containing 75 mole percent of PbO, in a sealed P t tu be, quenched from below this tempcl'aLme showed only th e compound 3PbO· Nb20 5 • Specim ens of the sam e composition quenched from just above this temperature showed some of' th e compound 5PbO·2 Nb20 5 • The compound 5PbO· 2Nb20 5 is essen tially isostructural with 2PbO· Nb20 S, ancl there is apparently complete solid soluLion between the two . The compound 5PbO·2Nb20 S appears to melt congruently at approxim ately 1,220 0 C. There may be a very small eutectic or minimum in the olid-solution area close to th e 5-2 compound or this compound migh t actually mel t incongruently; however , any su ch discr epancies from the situation shown in figure 1 are so sm all as to be undetectable with the present experimental equipment .
The compound 2PbO·Nb20 5 was observed to m elt congru ently at about 1,233 0 C. Specimens sealed in a Pt tube and quenched from below this temperature showed no sign of mel ting. Above this temperature, the specimen appeflred to be completely m elted. N o phase oth er than that of 2PbO ·Kb20 5 was obser ved in the X-ray pat tern of a quencbed specimen of the mel ted material, thus stron gl~T indicating co ngruent m elting. Compositions b etween 2PbO ·Nb20 5 andPbO· N b20 5 give conHieting data when examined as quenched sp ecimens from scaled tubes and as cer amic p ellets h eated in air. Cook and J affe [4] obser ved a singlephase cubic pyrochlore-type structure at a composition corres ponding to " Pbl'5Nbz0 6'5" or 60 mole p ercen t of PbO. This observ ation was confirmed in the prese nt study for bo th air and sealed-tub e techniques. However, Cook [21] h as stated that in "a closely sp aced series of compositions b etween Pbz-N b20 7 and PbI 5Nb20 6'5 . . . extr a lines of t he rhombohedral spiitting do no t draw closer to t he m ain lines of th e p attern , as you w ould exp ect. They just fade ou t ." A similar phenomen a was observed in the presen t study for sp ecimens prep ared at I -mole-percen t in tervals between 65 and 60 mole p er cen t of PbO , when heated in cover ed P t cru cibles.
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When t hese specimens ' were qu enched in scaled Pt tubes a clear picture of a two -phase region with lit tle or no solid solu tion was observed for temper atures of 1,220° C or b elow. At 1,230° C the cubic 3PbO·2 N b20 5 ph ase greatly predominated throughout all the specimens from 65 to 61 mole p erce nt of PbO . The rhombohedral 2PbO ·Nb20 5 phase was found to coa t the walls of the P t tube and was difficul t to r ecover , thus indicating that this phase h ad been in the v apor state and th at t hese specimens had been above t he eu tectic temperature. The eu tectic composition could not b e located exactly bu t is probably close to 66 per cen t of PbO . The eu tectic temper ature was thus located at 1,225 ± 5 ° C. In the scaled tube, the composition con taining 60 mole per cen t of PbO was found to m elt incongruen tly at 1,233° C, forming some PbO· N b20 5 . Compositions of 59 and 58 mole percen t of PbO con tained bo th cubic 3PbO.2 Nb20 5 and PbO· N bz0 5 wh en qu enched in the sealed tub e from b elow the solidus . Ther efore, a compound of the r atio 3PbO·2Nbz0 5 has b een full y established . The specimen s had been gronnd into the sbape of four-sided -grooved pyratempera ture. The phases a re no t necessaril y those presen t at t he temperature mids.
--------------------------1 ---------------1 -----------------
TAB LE 6. Experimental data for compositions in the binm'y system PbO-Nb20 S-Continued Composition PbO Experimental procedure Air Heat treatm ent Tempol'-ature Time Results Physical observation X -R ay diD'ractjon analyses d Sealed P t tube, quenched
1-~mo'I~%,--I-~mo~l~o/to---I-----'------------o-C ----T hT --I -----------------; -----·-----------------
to wh ich the specimen was heated : Mon.-monoclinic; ortb .-orthorllombie; tet.--o The melted specim en was sealed in another Pt tube and reheated to detertetragonal; rhom.-rhombohedral; ss-solid solution. mine if equilibrium could be obtained from the nonequilibrium tetragonal PbO
• Tilis X-ray p attern was made on t he same specimen as preceding after grindsolid solution.
ing the s urface of the speci m en.
Th e compound PbO· N b20 5 was found to melt congruently fit 1,343 ± 2° 0 by both the sealed-PtLube method find the grooved-pyramid method. Hov/ever, the temperature of the rhombohedralLeLra. go nal phase transformation could not be arrived at by heating in air. It appears that this phfise Lr a nsforma tion. is quite sluggish. High-temperature X-ray patterns in air show that several hours at PbO.Nb20 S will accept a small amount of Nb20 5 inLo solid solut ion as shoWIl by sig nifica nt chn,n ges in d-spacings of the X-ray patterns . However , t he composition co ntaining 48 mole percent of PbO has two phases, indicati ng tllat solid solution is less than 2 mole p ercent. This small amount of solid solution is euough to raise t l10 temp era Lure of the phase transformation from th e rhombohedral to t he tetragonal form by abo ut 25° 0, as shown by quenching experiments in scaled Pt t ub es.
A eutectic exists b etwee n PbO· N b20 ; and PbO· 2N bzOs at about 41 mole percent of PbO Rlld1 ,31 0° O. This eutectic was found by t he grooved-pyramid technique and checked with experiments us in g sealed Pt tub es. The compound PbO·2Nb20 5 was found to melt, probably congruently, at 1,337° ± 2° O.
PbO·2NbzOs takes more than 2 bu t less thn,n 4 mole percent of PbO into solid solution at the solidus temperat ure.
This solid solution is reLained on relatively slow coolin g, as shown by X-ray patterns of specimens co ntaining 36 and 38 mol e percent of PbO .
Although PbO ·2Nb20 S appears to m el t sharply , no euteetic has been definitely located on t he high Nb20 b side. However, some melting-point data of t he compositions containing 32 and 30 mole per cen t of PbO indicate a eutectic in this region. Both of t hese compositions appear completely melted, by t he pyramid m et,hod, at 1,344° O. If th e 1 : 2 compound melted incongruently, these sp ecimens would be only partially melted at 1,344° O. A eutectic ean, t herefore, be placed at about 30 mole p ercent of PbO a nd 1,334 ± 4° O. N b20 s is found to accept a lit tle over 15 mole per ce n t of PbO in to solid solution at the eutectic tem perat ure. As shown by X-ray diffraction this amo unt decr eases to a li ttle less than 10 mole percent at room temperature. The addition of PbO to Nb20 5 seems Lo lower the temperat ure of the phase 37 transformation from the low to the high form of Nb20 5 • The specimen containing 5 mole percent of PbO heated to 770° 0 for 1 hr contained only t he high-tempera t ure form of Nb20 s. This form was also found in the nonequilibrium assemblage of the 50 : 50 s pecimen at 550° 0 for 16 hr. No attempt has been mad e to locate accurately the temp erature of this phase transformation in tbe presence of PbO .
Th e low temperature form of Nb20 ; has not been indi cated on tb e phase diagram of figure 1 as it seems likely that this polymorph is onl y m etastable and has no true equilibrium position in t he binary system . The melting point of Nb20 s was accepted as 1,500 ± 10° 0 as found by Ro th and Ooughanour [22 ] .
. Occurren ce of Q Non equilibrium Red
PbO Solid Solution \V I1011 specimens of eomposiLion between pure PbO and the 2 : 1 comp ound arc quenched from a bove t he solidus, a phase simila r Lo the tetragonal red PbO is observed in t he X-ray patLern. This phase has a n a p arameter abo u t th e same as pure teLragonal PbO but a c par31neLer whi ch is mu ch "Vhell Lhe compositio n is on th e hi gh-Nb20 ; side of th e eutec Li c, th e teLragonal solid solution occurs wiLh the compo und 3PbO·Nb20 s. Wh en specimens of 3PbO·Nb20 5 ar c heated above the incongruent m elt in g point , abou t 985° 0 , this tetragonal phase is observed to occ ur with t he 5PbO·2Nb20 5 compound . Speeimens of t he 5: 2 compound and compositi ons betwee n 5 : 2 and 2 : 1 con tain, upon quen chin g from above th e solidus, r ed PbO solid solution plu s a rhombohedral pyrochlore-Lype solid solution.
A specimell of the euLecLic composition, 94 mole perce nt of PbO , showed almost en tircl~r the r ed PbO solid solu tion when quenc hed from above the m elting point . This spec im en was put back in a sealed P t tube and heJcl overnig ht just below the melting point. The r es ul ti ll g protlu ct was an equilibrium mixture of yellow PbO and the compound 3PbO ·Nb20 .\ . Thus t he red PbO solid solution has been proven to be metastable .
Ther e are several possible explanations of t his nonequilibrium phenomenon . The most obvious conclusion would be that oxidation of PbO and reduction of N b20 .\ occur when they are heated together in a closed t ub e. However, this oxygen solid solution would then hn,ve parameters dep ending upon the amount of Nb20 5 present, which is not observed to b e the case. Another possibility is that the tetragonal PbO solid solu tion r epresents the composition of th e liqnid in equilibrium at the temperature from which the material was quenched.
That is, the liquid wh en quenched devitrifies into a single-phase crystalline solid of the same composit ion . However , this explanation also would r eq uire differen t parameters of the solid solution for different temperatures and compositions. An alternative hypothesis is that th e phase does not represent the equilibrium liquid but that the liquid follows its regular course of crystallization until it reaches the eu tectic composition . This composition then crystallizes out as a single-phase non equilibrium solid solution , having a structure similar to the lowtemperature form of PbO .
It does no t seem likely tha t this solid solu tion is of the sub stitutional type. The radius of Pb+2 is 1.20 A and tha t of Nb+ s is 0.69 A [23] . The ratio between the two is well beyond th e limit at which even partial substitu tion might be expected. Therefo re, it must be concluded t hat this nonequilibrium solid solu tion is of an in te rstitial type.
There is also the possibility that this apparent red PbO solid solution is a true compound in the' system, having a minimum thermal stability at t he temperature indicated here for the eutectic temperature, 835° C, and a composition equal to the hypot hesized eutectic composition . Tha t such a compound should have the sam e stru cture as red PbO seems highly unlil(ely and is no t co nsidered to be t he tru e explan ation of the observed phenomena.
. Summ ary
Tlte system PbO-NbzOs was studied by means of solid-state reactions, fusion characteristics, and X-ray diffraction data. The existence of six compounds in t his system w as shown . They are 3PbO·Nbz0 5 which melts incongruently at about 985° C, 5PbO·2NbzOs which melts congruently at 1,220° C, 2PbO·Nb20 S which melts co ngru ently at abou t 1,233° C, 3PbO·2N bzOs which m elts incongruently at about 1,233° C, PbO· Nbz0 5 which melts co ngruently at about 1,343° C, and PbO·2Nbz0 5 which mel ts co ngruently at about 1,337° C. The four eutectic poillts are located as follows : about 94 mole percent of PbO a nd 835° C, abou t 66 mole percent of PbO and 1,225° C, 41 mole percent of PbO and 1,3 10° C, and about 30 mole percent of PbO and 1,334° C.
Complete solid solu tion was no ted between 2PbO·Nb20 S and 5PbO·2Nb zOs' Partial solid solution occurred between the two compo unds PbO·Nb20 S and PbO·2Nbz0 5 • ~ ' b20 S accepts abo ut 15 mole perce nt PbO in solid solu tion at the eutectic tcmperature. No solid w lu tion occurs on either sid e of the compo und 3PbO·2Nb20 5 • The rhomboh e dral-t et ragon a l inversion of PbO·Nb20 s was found to take place very sluggi shly at approximately 1,150° C in a sealed Pt tube. The temperat ure of this phase transition is raised by the Nb20 s solid solution to about 1,175° C.
A recent paper by M. H. Francombe and B. Lewis [24] suggests a s olid-so lution region from PbO : 1.5N b20 5 to PbO: 3Nb20 5 • This covers a range in which two phases have bee n found , for the most part, in the present work. No explanation can be found for the observa.tion of such a large amount of solid solution in the PbO-Nb20 5 system . 38 The assistance of C harles R . Drew in preparing and h eating most of the specimens is gratefully acknowledged. John M. Cm'ceo assisted in t he measurements of some of the X-ray data. ::-'Iany helpful suggestions were received from Carl R . Robbins and Ernest M. Levin.
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